Trajectory surface hopping calculations are reported for the Li + Li 2 (X 1 Σ g + ) dissociation reaction over the range of translational energies 13 e E tr /kcal mol -1 e 80. Both potential energy surfaces for ground doublet Li 3 , which have been modeled from the double many-body expansion method (DMBE III), have been employed in the dynamics calculations. For the initial internal state (V ) 0, j ) 10), the behavior of the dissociative cross sections as a function of translational energy shows that nonadiabatic effects are important over the whole range of energies studied. Concerning the role of initial vibration, it has been found that, for E tr ) 25 kcal mol -1 and j ) 10, the adiabatic dissociative cross sections are enhanced as V increases from 0 to 20, while the nonadiabatic ones just slightly increase with the vibrational quantum number.
Introduction
The study of nonadiabatic chemical reactions demanding the knowledge of two or more electronic states has received a great deal of attention in recent years, both experimental and theoretical. The most important cases for reaction dynamics arise when two potential energy surfaces have conical intersections at some specific internuclear configurations. As a result of such intersections, the standard Born-Oppenheimer approximation needs to be modified to take into account the nonadiabatic interactions between the involved potential energy surfaces. Indeed, it has become apparent that nonadiabatic effects can play a significant role in the dynamics of many chemical reactions, and hence the restriction of using only one potential energy surface may not be valid.
The simplest systems which exhibit a conical intersection between the two lowest potential energy surfaces are H 3 1 and the alkali metal trimers such as Li 3 and Na 3 . 2, 3 The existence of conical intersections for these systems can provide a new mechanism for collision-induced chemical reactions, in particular, for the dissociation processes. Although there have been many calculations on exchange chemical reactions 4 that account for nonadiabatic effects, the role of conical intersections on collision-induced dissociation has been the subject of only two studies 5, 6 both for the H + H 2 (V,j) system. This is partly due to the fact that such studies demand the availability of accurate potential energy surfaces including a correct description of the dissociation limits, a very difficult task in itself.
Recently, 7, 8 a realistic two-valued semiempirical potential energy surface has been reported for Li 3 , which is based on the double many-body expansion 9,10 (DMBE) method and takes into account the normalization of the kinetic field. 11 (This version of the Li 3 potential energy surface has been, and will be henceforward, referred to as DMBE III.) In comparison with previous LEPS-type forms, 12, 13 the Li 3 DMBE III potential energy surface has the advantage of properly describing the D 3h conical intersection which is localized well below the dissociation limit for Li + Li + Li. Thus, it can be used for dynamics studies of the collision-induced Li + Li 2 (X 1 Σ g + ) dissociation or the exchange reactions by quasiclassical or quantum mechanical methods. It should be noted that the exchange reactions of alkali atoms and molecules M′ + M 2 (V,j) (M, M′ ) Li, Na, K, Rb, Cs) have been much studied from both the experimental and theoretical points of view. [14] [15] [16] [17] [18] In turn, the DMBE III potential energy surface has previously been employed for adiabatic studies 19 of the Li + Li 2 exchange reaction and most recently 20 for quantum calculations of the Li 3 vibrational levels both with consideration and without consideration of the socalled geometric phase effect (for a recent review on this nonadiabatic effect which refers to earlier work, see ref 21) . A major motivation for such an interest is the fact that the alkali metal atom-alkali metal dimer reactions are believed to occur on barrierless potential energy surfaces, and hence they provide important prototypes of reactions controlled by long-range dispersion forces. Furthermore, alkali metal trimers are convenient systems for experimental studies due to the possibility of vibrational excitation in the visible and near-infrared regions, for which proper tunable lasers are available.
In this work, we report an investigation by the trajectory surface hopping 4, 22, 23 (TSH) method of the adiabatic and nonadiabatic Li + Li 2 (V,j) dissociative channels and the effects of the D 3h conical intersection on such processes, which can be either direct or indirect. In this case, the conical intersection manifests through symmetry effects associated with the nonuniqueness of the electronic wave functions (refs 20, 21 , and references therein) and hence will be of no concern to us in the present work. Direct effects may in turn arise when the trajectories sample both intersecting adiabatic potential energy surfaces and hence can be observed in the present work. Specifically, we focus on this study on the energy dependence of the dissociative cross sections for the adiabatic and nonadiabatic channels, i.e., when reaction takes place on the lower and upper sheets of the two-valued DMBE III potential energy surface, respectively. Moreover, we examine the role of vibrational excitation on the dissociative process and study the energy dependence of the exchange reaction probability on the ground adiabatic potential energy surface.
A few comments concerning the TSH method of Tully and Preston, 22, 29 which is used for the present dynamics calculations, are appropriate at this point. First, we note that its adequacy for describing nonadiabatic effects has been the subject of many studies including applications to concrete chemical systems (e.g., refs [24] [25] [26] . Additionally, we observe that the TSH method has been shown to underestimate the relevant nonadiabatic transition probabilities when compared with the exact quantum results. 27 Indeed, such a conclusion has also been derived from past experience in low-dimensional systems. 28 Conversely, the TSH method has been recognized to be quite accurate for collision-induced dissociation studies in the H + H 2 (V,j) system. 6 Of course, as noted by Tully and Preston, 22,29 their method requires for accuracy that the Landau-Zener formula is valid to describe the diabatic curves (i.e., these curves should look fairly linear in the vicinity of the crossing seam). Moreover, the derivative coupling terms should be nearly constant in the hopping regions. Although there are methods for treating the hopping that rely on a semiclassical propagation of the electronic populations 4, [30] [31] [32] [33] and are particularly useful for treating more than three atoms, such methods are not free from problems. In fact, the determination of the nonadiabatic terms along a trajectory is not easy, especially if we have only the intersecting adiabatic potential energy surfaces, as is the case in the present work. Our approximation seems therefore legitimate and will hopefully lead to reasonable results for the Li + Li 2 (V,j) dissociation process that we study here.
The plan of the paper is as follows. In section 2 we discuss the methodology and main topographical features of the potential energy surface for the Li 3 system. Section 3 describes the necessary technical specifications, while section 4 contains the results and discussion. The major conclusions are in section 5.
Methodology and Potential Energy Surface
As pointed out in the Introduction, we have adopted to describe the dynamics of the dissociation reaction Li + Li 2 (X 1 Σ g + ) f Li + Li + Li with the quasiclassical TSH method proposed by Tully and Preston. 22 According to their prescription, each trajectory is governed at the beginning by the ground adiabatic potential energy surface V 1 (R); R ) (R 1 ,R 2 ,R 3 ) denotes the full set of internuclear coordinates. After each integration step we then examine the difference ∆V 12 ) V 2 -V 1 between the two sheets of the potential energy surface along the trajectory path. Whenever ∆V 12 reaches a minimum value, the trajectory will be halted and the values of V 1 and V 2 at the three last points used to calculate the parameters of the Landau-Zener formula for the probability of nonadiabatic transition
In eq 1, u is the velocity, and A and B are the parameters that define the splitting between V 1 and V 2 at the instant t given by where τ is the time corresponding to the minimum of ∆V 12 .
Since we have to decide on which sheet of the potential energy surface the trajectory is going to proceed, a random number is generated and compared with the surface hopping probability of eq 1. If P LZ < , the trajectory continues on the same potential energy surface. Conversely, if P LZ g , we allow the trajectory to hop on the other potential energy surface. Since V 1 * V 2 in general, the momenta on the new potential energy surface are adjusted according to the procedure suggested by Tully and Preston, 22 while the coordinates are kept unchanged during the hop. This approximation warrants conservation of both energy and momenta.
We now turn to describe the main features of the two-valued potential energy surface for Li 3 used in the present work. This potential energy surface, DMBE III, is based on the double many-body expansion method 9 and reproduces the experimental dissociation energy of Li 3 . It also accurately describes the longrange behavior for all possible dissociation channels, while satisfying the virial theorem restrictions through proper parametrization of the involved two-body energy curves. Moreover, the DMBE III potential function conforms with existing threebody ab initio data at the valence region of the lowest sheet while predicting the atomization energy of Li 3 within the error limits of the experimental value. In addition, the dynamics studies of the Li + Li 2 (X 1 Σ g + ) exchange reaction based on the ground-state sheet alone 7, 19 have shown good agreement with the experimentally determined behavior for similar systems, namely, an increase in the reactive cross sections with increasing vibrational quantum number V. Because the functional form has the correct analytic expression at the conical intersection, it also fits in a satisfactory way the available ab initio data 2 on the upper sheet for geometries in the vicinity of the D 3h conical intersection.
Since the details concerning the Li 3 DMBE III potential energy surface have been previously presented and discussed, we give here only the most important attributes with relevance in the adiabatic and nonadiabatic dynamics of the title reaction. Figure 1 shows a diagram of the energetics of the Li 3 DMBE III potential energy surface. It is seen that the dissociative channel is 24.35 kcal mol -1 above the classical minimum (i.e., without considering zero-point vibrational energy) of the reactants, but only 23.63, 14.36, and 6.89 kcal mol -1 when one
considers the internal states (V ) 0, j ) 10), (V ) 10, j ) 10), and (V ) 20, j ) 10), respectively. Moreover, the conical intersection that arises for D 3h geometries has its lowest energy value localized at R 1 ) R 2 ) R 3 ) 5.465a 0 , i.e., 1.24 kcal mol -1 above the C 2V ( 2 B 2 ) minima. In turn, Figure 2 shows a perspective plot of the lowest and upper sheets for a Li( 2 S) atom moving around a Li 2 (X 1 Σ g + ) molecule, the bond length of which is allowed to relax in the range 4.5 e R Li-Li /a 0 e 6.5. Note that the upper sheet correlates with the Li + Li 2 (b 3 Σ u + ) dissociation channel, with Li 2 (b 3 Σ u + ) being a van der Waals molecule that has a minimum ∼0.97 kcal mol -1 deep at R Li-Li ) 7.77 a 0 .
Computational Details
The dynamics calculations have used our own computer code, which has its basis on an extensively adapted version of the Muckerman program 34 to include the TSH method of Tully and Preston 22 described in section 2. As usual, the determination of the integration time step has been done by trial and error in order to warrant that total energy and angular momentum are conserved with an error less than 10 -6 atomic units for most trajectories. Only for a few of them has such an error been found to increase to 10 -4 atomic units. In practice, a high level of accuracy has been reached by choosing a value of ∼2.0 atu for all sets of initial conditions.
Batches of 5000 trajectories have been run for E tr ) 25, 27, 28.5, 30, 32.5, 35, 40, 45, 50, and 80 kcal mol -1 and internal state (V ) 0, j ) 10). As it has been pointed out, 7, 19 the rotational quantum number j ) 10 corresponds approximately to the most likely value in supersonic molecular beams 35 and hence has been adopted here for all calculations. We have also run 5000 trajectories for the low translational energy of 13.1 kcal mol -1 and V ) 20, which is clearly above the dissociation threshold (see Figure 1) . Moreover, using only the lowest sheet of the DMBE III potential energy surface, we have run batches of 5000 trajectories for E tr ) 13.1 kcal mol -1 (V ) 20) and E tr ) 25 and 50 kcal mol -1 (V ) 0 for both of them) to examine the role of the conical intersection in the title system. To study the effect of initial vibrational energy on the Li + Li 2 dissociation, we have run additional batches of 5000 trajectories for E tr ) 25 kcal mol -1 , but considering now the vibrational quantum numbers V ) 10 and V ) 20 for the reactant diatomic.
Since the main goal of the present work is the study of the reaction Li + Li 2 f Li + Li + Li, the corresponding maximum value of the impact parameter, b max , has been optimized for each set of initial conditions by taking into account only the dissociative process, in both the lower and upper sheets of DMBE III. The values of b max so obtained are shown in Table  1 for each translational energy and vibrational quantum number. For the remaining channels arising in the Li + Li 2 collisions we just refer to the reaction probability for the specific initial conditions.
Since the total energy of the collisional system is always above the D 3h conical intersection, it is possible to form products via the upper sheet as well as through the ground electronic state. Thus, for the title reaction, we have five different outcomes: nonreactive, and reactive and dissociative trajectories both in the lower and upper sheets. In the lower sheet the reactive events, named N exc a in Table 1 , are associated with the two possibilities of exchanging the lithium atoms to form Li + Li 2 (X 1 Σ g + ) products, one of the atoms in the product diatomic being the free atom of the reactants. The reactive events in the upper sheet (N r na in Table 1 ) are those leading to formation of Li + Li 2 (b 3 Σ u + ) products, independently of the combination of lithium atoms to form the diatomic. For the dissociative channels leading to three separated atoms Li + Li + Li, we assume any contribution of quasibound states of Li 2 to be negligible in both the lower (N dis a ) and upper (N dis na ) sheets. From the number of trajectories for the adiabatic (N dis a ) and nonadiabatic (N dis na ) dissociation, we have calculated the corresponding cross section by using the expression where N ) 5000 trajectories and x stands for the superscripts a or na. Moreover, the 68% standard error is given by 10 . To get an indication of the influence of conical intersection on the dynamics of the title reaction, we have also computed the number of hops occurring along the trajectory. Note that an even total number of hops arising in a dissociative trajectory implies that, although it has evolved during sometime in the upper sheet, the elemental process Li + Li 2 f Li + Li + Li occurred via the ground electronic state of DMBE III; that is, it ended in the lower sheet. Conversely, the dissociative reaction occurs via the upper sheet if the number of hops is odd. In Table 2 we distribute the total number of dissociative trajectories by sets of those ending in the lower sheet with 0, 2, 4, 6, and 8 hops or in the upper sheet with 1, 3, 5, and 7 hops. The results presented in both Tables 1 and 2 are discussed in section 4.
Results and Discussion
The role of the conical intersection in the Li + Li 2 dissociation reaction has been studied in the range of translational energies 13 e E tr /kcal mol -1 e 80. Additionally, the effect of initial vibrational quantum number on the title reaction has been investigated. Table 1 reports the values of the dissociative cross sections, while Figure 4 shows σ d as a function of translational energy for V ) 0. It is seen from Figure 4 that the total cross section (σ tot ) for Li + Li 2 dissociation always increases as the translational energy increases. However, it is clear from a more 25 and 50 kcal mol -1 (both V ) 0), the second entry refers to the trajectory calculations where only the lower sheet of the DMBE III potential energy surface was considered. b Note that σtot is the total dissociative cross section, in both the lower and upper sheets. detailed observation of Figure 4 that, for energies just above the dissociation threshold, the nonadiabatic contribution to the title reaction is larger than the adiabatic one. This trend differs from that predicted for H + H 2 dissociation, where the calculated nonadiabatic cross sections are always below the adiabatic ones. 6 Additionally, Figure 4 shows that dissociation via the upper sheet increases sharply up to E tr ) 30 kcal mol -1 , which is due not only to the fast increase in b max but also to the rise of the number of trajectories that, proceeding via the upper sheet, lead to dissociation. This increase in efficiency of the nonadiabatic dissociation (N d na /N odd ) is evident from Figure 5 and can be related to the fact that the other possible outcomes are associated with the weak Li 2 (b 3 Σ u + ) van der Waals molecule, which promptly dissociates as the energy increases. In contrast, the rate of variation in the efficiency of dissociation via the lower sheet (N d a /N even ) is slower, since the competitive channels lead to the more stable Li 2 (X 1 Σ g + ) product molecule; see Figure 1 . Also important is the large reaction exchange probability plotted in Figure 6 , which competes with all other channels, especially with that associated with adiabatic dissociation. In fact, Figure  6 shows that the exchange reaction probability is larger than the probability for other channels, being the dominant process particularly for translational energies just above the dissociation threshold.
As the translational energies increase for values higher than 30 kcal mol -1 , the nonadiabatic dissociative cross section keeps approximately constant at the value σ d na ≈ 10 a 0 2 or just slightly increases. Conversely, dissociation via the lower sheet always increases with increasing translational energy, becoming larger than the nonadiabatic one for E tr ∼ 35 kcal mol -1 . These trends can be understood from Figure 5 , where it is shown that for high energies the efficiency for nonadiabatic dissociation tends to its maximum value of 1, while the efficiency for adiabatic dissociation always increases with approximately the same rate. Note that, for high energies, the exchange reaction becomes less important since its probability decreases slowly and is clearly below the probability of dissociation via the lower sheet, as displayed in Figure 6 . On the other hand, for this high-energy regime the trend of the nonadiabatic dissociative cross section results from a subtle balance between the slight increase in the corresponding probability, due to the increase of the hopping probability (note from Table 2 that the total number of hops increases for high energies), and the small deacrease in maximum impact parameter. Figure 4 shows also the dissociative cross sections obtained from the trajectory calculations for E tr ) 25 and 50 kcal mol -1 (V ) 0) using only the lowest sheet of DMBE III. Additionally, we report in Table 1 a similar calculation for E tr ) 13 kcal mol -1 and V ) 20 (second entry). It is clear from these results that the nonadiabatic dynamics has a minor influence at such low translational energies, as it could be anticipated by consideration of the surface hopping probabilities. Indeed, we conclude from eq 1 that the probability of hopping increases as the velocity increases and hence as E tr increases. This result is confirmed by the number of trajectories against the number of hops shown in Table 2 . In contrast, as E tr increases to 50 kcal mol -1 , the dissociative dynamics is notably influenced by the presence of the conical intersection. Indeed, the dissociative cross section obtained by considering only the lower surface is significantly below σ tot . This result is clearly due to the nonadiabatic contribution to dissociation. Thus, the conical intersection opens a new route for the reactive flux. Because the new arising channels can compete with the adiabatic ones, σ d a becomes smaller than the dissociative cross section obtained from the one-sheet calculation.
To study the influence of initial vibrational quantum number on the title reaction, we have plotted the dissociative cross sections against V in Figure 7 ; the corresponding numerical Li + Li 2 (X 1 Σ g + ) Dissociation Reaction J. Phys. Chem. A, Vol. 102, No. 30, 1998 6061 values are given in Table 1 . We conclude from Figure 7 and Table 1 that total dissociative cross sections, σ tot , definitely increases as V increases (and hence when the reactant diatomic is more stretched at the beginning of the trajectory). Indeed, since Li 2 is most likely to be dissociated as the Li atom approaches it, the reaction leading to Li + Li + Li via the lower sheet tends to be naturally favored. This behavior is shown in Figure 7 for σ d a as a function of V. Coversely, σ d na just slightly increases with the initial vibrational quantum number. Since the mechanism described above clearly favors the adibatic dissociation, we expect the small increase of σ d na to be due in this case to the rise of the surface hopping probability. In fact, this is corroborated from Table 2 by the growth of the number of trajectories with a larger number of hops as V increases from 0 to 20.
Final Remarks
We have reported the first trajectory surface hopping calculations for the Li + Li 2 (X 1 Σ g + ) dissociation reaction using a realistic two-valued DMBE potential energy surface. They have shown that the nonadiabatic dissociation channel plays an important role even at relatively low translational energies. Thus, nonadiabatic effects should be taken into account in any theoretical study of the collision-induced dissociation process involving this and other alkali metal trimeric systems. 
